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Edited by Peter BrzezinskiAbstract Two-photon scanning laser and confocal microscopies
were used to image metabolic dynamics of single or cell popula-
tions of Saccharomyces cerevisiae strain 28033. Autoﬂuores-
cence of reduced nicotinamide nucleotides, and mitochondrial
membrane potential (DWm), were simultaneously monitored.
Spontaneous, large-scale synchronized oscillations of NAD(P)H
and DWm throughout the entire population of yeasts occurred
under perfusion with aerated buﬀer in a continuous single-layered
ﬁlm of organisms. These oscillations stopped in the absence of
perfusion and the intracellular NAD(P)H pool became reduced.
Individual mitochondria within a single yeast also showed
in-phase synchronous responses with the cell population, in both
tetramethylrhodamine ethyl ester (or tetramethylrhodamine
methyl ester) and autoﬂuorescence. A single, localized, laser
ﬂash also triggered mitochondrial oscillations in single cells sug-
gesting that the mitochondrion may behave as an autonomous
oscillator. We conclude that spontaneous oscillations of S. cere-
visiae mitochondrial redox states and DWm occur within individ-
ual yeasts, and synchrony of populations of organisms indicates
the operation of an eﬃcient system of cell–cell interaction to pro-
duce concerted metabolic multicellular behaviour on the minute
time scale in both cases.
 2006 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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Respiratory oscillations were ﬁrst described in continuous
cultures of Klebsiella aerogenes by Harrison and Pirt (1967)
in the transition state between ‘‘excess oxygen’’ and the ‘‘lim-
ited oxygen state’’, at around 5 mm Hg oxygen tension. These
oscillations were sustained and occurred irrespective of pH val-
ues between 6.0 and 7.4 and whether glucose or NHþ4 was the
growth-limiting factor. Further work [1] showed oscillations in
the redox state of the NAD+/NADH couple as indicated by
the ﬂuorescence of NADH directly monitored in the cultureAbbreviations: DWm, mitochondrial membrane potential; ROS,
reactive oxygen species; TMRE, tetramethylrhodamine ethyl ester;
TMRM, tetramethylrhodamine methyl ester
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doi:10.1016/j.febslet.2006.11.068[1], and that ATP/ADP ratios were rapidly and sensitively
altered during the transition state [2]. Direct monitoring of
continuous cultures of this bacterium for ﬂuorescence also re-
vealed ﬂavin redox oscillations [3,4].
In the yeast, Saccharomyces carlsbergensis (now cerevisiae),
Mochan and Pye [5] showed that as the stationary phase was
attained, dissolved O2 showed long period (about 30 min)
oscillatory behaviour at concentrations well above those where
cytochrome c oxidase becomes limiting. In eight diﬀerent pro-
tozoa and two yeast species, ultradian clock outputs (period
30 min to 4 h), are most conveniently studied by monitoring
respiratory oscillations [6] and detailed mechanisms have been
elucidated in self-synchronized continuous cultures of S. cere-
visiae [7–9].
Mitochondrial respiratory oscillations (period of the order of
minutes) that accompany alkali-cation transport were ﬁrst de-
scribed in 1965 in vitro with organelles isolated from pigeon
heart or rat liver in four diﬀerent laboratories [10]. Mitochon-
dria isolated from the heart tissue of pigeons showed damped
oscillatory control in respiration and volume [11]. EDTA-trea-
ted rat liver mitochondria were also shown to undergo changes
in electron and energy transfer during oscillatory responses [12].
Changes in optical transmittance due to volume changes, H+,
K+, respiration rate and morphology were monitored, and it
was demonstrated that ﬂuxes of ATP and ADP may be an
important synchronising as well as a controlling factor of energy
ﬂows in this system. Gooch and Packer demonstrated adenine
nucleotide control of synchronization of oscillations in mito-
chondria isolated from mammalian sources and this early work
was the subject of a review [13]. Similar experiments have not
been performed using isolated yeast mitochondria, but the data
obtained with animal mitochondria may provide important les-
sons for our understanding of in vivo measurements on yeasts.
In cardiac mitochondrial energetics, self-sustained oscilla-
tions of mitochondrial membrane potential (DWm), NADH
and reactive oxygen species (ROS) were initiated only after a
speciﬁc threshold level of mitochondrially-produced ROS
was exceeded [14]. It was shown that anion channel inhibitors
increased local accumulation of ROS, but prevented propaga-
tion across the myocyte.
Although glycolytic oscillations have been extensively stud-
ied in yeast [15,16], and even in single cells [17], little attention
has been paid to the minute-period whole-cell respiratory oscil-
lations in NADH and ﬂavin redox states [18]. In the present
work, we aim to characterize the minute period oscillations
using two-photon laser scanning microscopy to image yeast
for its NAD(P)H autoﬂuorescence and a ﬂuorophore thatblished by Elsevier B.V. All rights reserved.
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cells and between individuals of the population with regard to
these variables, and that organisms can respond to photo-per-
turbation by exhibiting oscillatory response. In the presence of
glucose, individual cells oscillate and a continuous layer of
cells shows large-scale population coherence.2. Materials and methods
2.1. Growth and maintenance of the organism
Saccharomyces cerevisiae strain 28033 was obtained from Dr. H.
Kuriyama, Biochemical Engineering Lab., NIBHT, AIST, Tsukuba,
Japan. It was maintained at 18 C in 10% (v/v) glycerol. Growth
was overnight on YEPD medium: (% w/v) yeast extract 1, bacto-pep-
tone 2, glucose 2, at 30 C; the cultures were 50 ml in 250 ml conical
ﬂasks shaken at 150 rev./min. Under these conditions, the inoculum
of 106 organisms/ml grows (with a 2 h generation time) in 18 h to a
stationary phase, population of approx. 5 · 108. From an initial con-
centration of 2% glucose, the colorimetric dye-linked glucose oxidase
dip-stick assay indicated complete consumption of this carbon and
energy source at 18 h, and complete glucose derepression is conﬁrmed by
the highly organised mitochondria of the yeasts at this stage (Fig. 1C),
and the intricate ultrastructure of their cristae in electron micrographs
[19]. Organisms were harvested at room temperature (22 C) to avoid
cold-shock, using minimum centrifugal force (500 rev./min, r.av.
10.0 cm = 30 · g av.) for 2 min. After resuspension in PBS at pH 7.4,
the organisms were centrifuged again under the same conditions before
equilibrating with ﬂuorophores or transfer to the perfusion chamber di-
rectly when only nicotinamide nucleotide redox state changesweremon-
itored.2.2. Confocal microscopy
Samples were analysed using a Leica TCS SP2 AOBS confocal
laser scanning microscope. Specimens were scanned using appropriate
excitation and emission settings for 3,3-dihexyl-oxacarbocyanine
iodide (DiOC6; 484/501 nm) or tetramethylrhodamine ethyl ester
(tetramethylrhodamine ethyl ester, TMRE; 549/573 nm) using ·63
and ·100 oil immersion objectives. Z-stacks of optical sections
(512 · 512 pixels) taken through entire organisms at a spacing of
between 0.5 and 0.7 lm were used to generate three-dimensional maxi-
mum intensity projections. For the purpose of cellular context, some
of the confocal projections were superimposed upon a transmitted
light image obtained using Nomarski diﬀerential interference contrast
optics.Fig. 1. Confocal microscope ‘maximum intensity’ reconstructions of
elongate, sausage-shaped, and reticulate mitochondria within aerobi-
cally-grown S. cerevisiae. Mitochondria have been stained green with
DiOC6 (A, ﬂuorescence and transmitted light overlay) and red with
TMRE (B,C). See also Supplementary material.2.3. Fluorescent probes for two-photon laser scanning microscopy
Organisms harvested were preloaded with 100 nM TMRE or
TMRM at 37 C for 30 min before being placed on to the observation
chamber and supplemented with 5 mM glucose. Yeasts were attached
to a coverslip which had been coated with poly-L-lysine. The dish con-
taining the yeasts was equilibrated with unrestricted access to atmo-
spheric oxygen on the stage of a Nikon E600FN upright microscope
which was maintained at 30 C. The cationic potentiometric ﬂuores-
cent dyes TMRE, or tetramethylrhodamine methyl ester (TMRM),
were used to monitor changes in DWm. The large potential gradient
across the inner mitochondrial membrane results in the accumulation
of these voltage-sensitive dyes within the matrix compartment accord-
ing to its Nernst potential [20].
Reduced nicotinamide nucleotides were monitored by their auto-
ﬂuorescence under the imaging conditions optimized previously [14].
The ﬂuorescent polystyrene microspheres (6 lm diameter) of the
Carmine Flow Cytometry Intensity Calibration Kit from Molecular
Probes were used in order to rule out potential artifacts due to changes
in focal plane during the image acquisition. The red emission of the
microspheres was collected at 605 ± 25 nm.
2.4. Image acquisition
Images were recorded using a two-photon laser scanning microscope
(Bio-Rad MRC-1024MP) with excitation at 740 nm (Tsunami Ti: Sap-
phire laser, Spectra-Physics) as described before [14]. The red emissionof TMRE or TMRM was collected at 605 ± 25 nm and the NADH
emission was collected as the total ﬂuorescence <490 nm. At 3.5 s
intervals as indicated, 512 · 512 pixel 8-bit grayscale images of the
two emission channels were collected simultaneously and stored.
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The extent of the NAD(P)H redox change as a proportion of the to-
tal pool during the oscillations was estimated by incubation with per-
fused 5 mM KCN (for total reduction, 100% of the scale) and then,
after washing out this inhibitor, with 2 lM FCCP (for production of
the uncoupled oxidised state, 0% of the scale). Full scale of NAD(P)H
was determined after measurement of ﬂuorescence intensity (maximal
pixel intensity) in n = 60 cells each for CN or FCCP.
2.6. Image analysis
Images were analysed oﬄine using ImageJ software (Wayne Ras-
band, National Institutes of Health, http://rsb.info.nih.gov/ij/).
2.7. Materials
TMRE and TMRM were purchased from Molecular Probes, Inc.
(Invitrogen) OR, USA. All other reagents, including enzymes, were
from Sigma-Aldrich unless speciﬁed.3. Results
Mitochondria in yeast at G1 of their cell cycle, as visualized
by both DiOC6 (Fig. 1A) and TMRE ﬂuorescence (Fig. 1B),0 100 200 300 400
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Fig. 2. Spontaneous, synchronized oscillations in a contiguous layer of S.
perfusion buﬀer, monitored by two-photon scanning laser microscopy. (A)
microscopic ﬁeld of 30 yeast perfused with aerated PBS, pH 7.4, in the p
individual yeast cells as well as the average ﬂuorescence from the whole m
histogram of whole cell NAD(P)H ﬂuorescence intensity in the presence of 5 m
see Section 2 for further details. ***P < 0.001. (C) Whole yeast cell NAD(P)H
absence of aeration. (D) Fluorescent microspheres (see see Section 2 for fu
dropped in the same microscopic ﬁeld of yeast and their ﬂuorescence foll
decrease in the microspheres’ ﬂuorescence intensity can be noticed and were
shown in the inset; the bar corresponds to 5 lm.were evident as elongate, sausage-shaped organelles. Some
often exhibited a single ‘‘megamitochondrion’’ [19,21,22] that
had a reticulate morphology when visualised in three dimen-
sional projections (Fig. 1C). In budding yeast, such mitochon-
dria could occasionally be seen (see Supplementary material)
migrating through the neck of the bud from the mother into
the daughter cell.
3.1. Spontaneous synchronous oscillations of the yeast cell
population
Yeast preloaded with TMRM were spread and held still as a
conﬂuent single layer on the polylysine-coated coverslip that
was immersed in the perfusion dish to a depth of 2 mm (the
perfusate was aerated PBS at pH 7.4 and in the presence of
5 mM glucose, temperature maintained at 30 C). Synchro-
nous oscillation of the entire ﬁeld of yeasts (30 cells) was ob-
served. Fig. 2A–C shows NAD(P)H and TMRM ﬂuorescence.
This periodic phenomenon (100 s) (see Supplementary mate-
rial) continued and was not damped over the 7 min duration of
the observation. The reduced nicotinamide nucleotides showed
ﬂuctuations that were in-phase with TMRM (Fig. 2A). A high0 100 200 300 400
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icroscopic ﬁeld. The inset (see also Supplementary material) shows a
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oscillations under perfusion conditions similar as in panel A but in the
rther details) of approximately the same diameter of a yeast cell were
owed simultaneously during the oscillatory response. A monotonous
essentially due to photobleaching. Three ﬂuorescent microspheres are
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Fig. 3. Spontaneous oscillations in TMRE and NAD(P)H ﬂuores-
cence in a single S. cerevisiae cell incubated aerobically with 5 mM
glucose. (A) Whole cell TMRE and NAD(P)H ﬂuorescence, (B,C)
representative traces of mitochondrial and cytoplasmic NAD(P)H
autoﬂuorescence. Cells loaded with TMRE allowed determining the
regions of interest corresponding to mitochondria or extra-mitochon-
drial space in order to quantify autoﬂuorescence in both compart-
ments.
M.A. Aon et al. / FEBS Letters 581 (2007) 8–14 11percentage (80% on average) of the NAD(P)H intracellular
pool became involved in the oscillatory cycles (Fig. 2B).
Synchrony of changes in DWm in four individuals (Fig. 2B)
and the average ﬂuorescence throughout the whole ﬁeld of
organisms is also shown. In non-aerated perfusion buﬀer,
oscillations stopped when O2 became limiting as can be judged
by the reduction of the NAD(P)H pool.
Fluorescent microspheres were included in some ﬁelds as a
control for possible optical artefacts (e.g. small changes in
focal plane due to thermal instability eﬀects); these showed a
uniform decrease in emission intensity, and no oscillations
(Fig. 2D). Additional controls involved the use of diﬀerential
image contrast of the same group of organisms. These controls
allowed to distinguish rapid ‘‘jittering’’ movement of tethered
organisms that are responsible for small alterations across
the focal plane of observation.
The intensity of irradiation by the scanning laser beam pro-
duced oxidative stress responses in only very low (<2%) per-
centage of the population; this was indicated by extremely
intense ﬂuorescence of CM-DCF, a ﬂuorophore measuring
ROS (results not shown). These individual organisms were
randomly distributed.
Since intercellular messengers such as acetaldehyde have
been demonstrated to mediate the cell population oscilla-
tion, we now show that the yeast cell is the single unit oscillator.
3.2. Synchronous single cell and mitochondrial oscillations
That yeast can oscillate at the single cell level was demon-
strated in two ways: (i) by monitoring spontaneous oscilla-
tions; (ii) by inducing mitochondrial oscillations with a
single, localized, laser ﬂash.
In the presence of 5 mM glucose the mitochondrial
NAD(P)H ﬂuorescence emission, in some organisms thinly
scattered at random, showed spontaneous oscillations
(100 s at 30 C). As indicated by TMRE, DWm oscillated in
phase with reduced nicotinamide nucleotides (Fig. 3A). Auto-
ﬂuorescence of NAD(P)H could be resolved into its two
components, i.e. the mitochondrial and the less intense extra-
mitochondrial contribution. The cytoplasmic NAD(P)H pool
is known to be predominantly oxidized explaining why the sig-
nal looks noisy (Fig. 3B and C). The mitochondrial NAD(P)H
exhibited oscillations of higher amplitude and more sustained
than the extra-mitochondrial compartment (Fig. 3B and C).
These results suggested that mitochondria are able to exhibit
autonomous oscillations, probably entraining the whole meta-
bolic network of the cell.
We further explored the behavior of mitochondria as auton-
omous oscillators by delivering a local laser ﬂash directed to
this organelle in yeast preloaded with TMRE (Fig. 4, mon-
tage). Synchronized oscillations with the mitochondrion as
the main oscillatory unit could be triggered in cardiomyocytes
after a localized laser ﬂash [14]. Yeast also exhibited an oscil-
latory response (100 s at 30 C) in DWm in the ﬂashed mito-
chondrial region (Fig. 4A) and beyond (Fig. 4B), after the laser
ﬂash. The localized laser ﬂash generated a quick DWm depolar-
isation that extended well beyond the ﬂashed region. This
oscillatory response persisted over the subsequent 6 min with
autoﬂuorescence exhibiting an in-phase relationship with
DWm (Fig. 4A). These whole-cell mitochondrial oscillations
were sustained over the monitoring period (Fig. 4B).
Very recently, it has been reported [23] that cell–cell interac-
tions in yeast can be simulated in the presence of cyanide by asequence of pulsed additions of acetaldehyde, provided that
the frequency and concentration mimics the oscillatory physi-
ology of its excretion by the anaerobic organism. However,
crucial evidence that spontaneous glycolytic oscillations occur
in individual organisms was not provided.4. Discussion
The main contributions of the present work are to show that
(i) spontaneous oscillations occur in yeast cell populations with
periods on the minute time scale (Fig. 2); (ii) the yeast cell is
the single unit oscillator; and (iii) these oscillations reﬂect syn-
chronous oscillations of mitochondria at the subcellular level
(Figs. 3 and 4).
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Fig. 4. Laser ﬂash-induced oscillations in mitochondria of a single yeast. A single yeast cell pre-loaded with TMRE was subjected to a localized laser
ﬂash. The light-induced mitochondrial depolarisation was applied in a mitochondrion by zooming the laser beam in on a 15 · 15 pixels square
(<1 mm focal depth; see arrow and white square in the third frame of the montage). The DWm and NAD(P)H oscillatory dynamics are shown in the
ﬂashed region (A) and from mitochondria throughout the cell (B). After the ﬂash (arrow), the DWm depolarised locally (see panel A and third frame
in the montage) and spread throughout the cell after a few seconds (7 s) delay (see panel B and e.g. frames 4–6 in the montage). Also notice that the
two cells adjacent to the ﬂashed one remained essentially stable throughout the observation period. The DWm is showed in pseudocolor: yellow
(polarized) and blue (depolarised). The black bars close to the x-axis in panels A and B point out two oscillatory cycles exhibited in the montage in
which the frames are shown every 7 s instead of 3.5 s as in panels A and B.
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tions exhibit a sinusoidal shape. This is similar to the 40 min
period respiratory oscillations demonstrated in the same yeast
strain in chemostat cultures [8,24]. In both cases, the 40 min
[24] and 1 min period oscillations (Fig. 2), NAD(P)H ﬂuores-
cence has been shown to oscillate in phase with both O2 or
DWm; thus, presumably, both correspond to the same kind of
oscillatory phenomenon but whose frequency belongs to a dif-
ferent time scale. The in phase behaviour of the TMRM ﬂuoro-
phore and the NAD(P)H autoﬂuorescence signals is in
agreement with TCA cycle and respiration-driven proton
pumps recharging ofDWmand reduction of the NAD(P)H pool
after its oxidation due to DWm depolarisation. Very recent data
show that cardiac mitochondria behave collectively as a net-
work of coupled oscillators whose power spectrum is character-
ized by a large number of frequencies in time scales spanning at
least three orders of magnitude (from ms to a few min) [25,26].
Recently, a relaxation-type mitochondrial oscillator depen-
dent on ROS has been described in cardiomyocytes [14,27]
and a computational model describing the main experimental
ﬁndings was published [27]. Unlike sinusoidal oscillations,
relaxation-type oscillators exhibit slow and fast phases; the fast
stage usually being associated with mitochondrial channels
whose opening quickly depolarises DWm. In the mitochondrialoscillator of heart cells, experimental and theoretical evidence
showed that a burst of ROS is associated with the mitochon-
drial membrane uncoupling due to DWm depolarisation [27].
Thus, mechanistically speaking, it appears unlikely that in
yeast ROS is accumulating to a critical level in the mitochon-
drial matrix and then quickly dissipated through a channel as
in heart mitochondria. Nevertheless, this issue deserves further
investigation.
We would like to mention the technical limitations that at
present hinder this type of work with one of the smallest of
all eukaryotic organisms (of only about 4 lm diameter); at
present this is near the limits of available methods of study.
Albeit two-photon microscopy reduces photo-damage and
photo-bleaching along with giving a detailed spatio-temporal
picture of the cell, the exposure time for frequent laser scan-
ning (3.5 s/image) does not allow prolonging the period of
observation too much mainly due to: (i) photobleaching (see
Fig. 2D), (ii) the low amount of ﬂuorophores present in the
cells, and (iii) the fact that we are observing an optical slice
of the cell less than 1 lm depth that restricts even more the
amount of signal available. This explains why it is so diﬃcult
to discriminate whether the oscillations described here are
damped or sustained in the long-term. To this respect, the
rather short exposure times (up to 400 s) employed here pro-
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Fig. 2C, where observation was extended to 1600 s), slow
parameter drift becomes evident. In that case increasing
NADH reduction state is likely to arise partly from the
40 min period ultradian clock [7], although other causes of
altered intracellular conditions cannot be excluded.
Although respiratory oscillations have been described in
bacteria [28], Schizosaccharomyces pombe [18,29], S. cerevi-
siae[7,8] and a number of protozoa [6], there have been rather
few studies on the dynamics of the redox activities of mito-
chondria in situ in growing organisms or cells. The study of
the in vivo oscillatory phenomena observed and described here
are only made possible by recent developments in 2-photon
laser scanning microscopy whereby simultaneous digital acqui-
sition of intensities of ﬂuorescence emission from diﬀerent
ﬂuorophores is achieved. This technology has already been
applied to investigations of ventricular myocytes [14], where
a single local laser ﬂash could elicit synchronised whole-cell
oscillations in mitochondrial membrane potential, NADH
and ROS. The physiological importance of these processes
is so profound that a mitochondrial ‘‘critical state’’ can be
induced which determines whether the cells remain viable
[30].
That somewhat analogous coordination can be spontane-
ously generated in S. cerevisiae populations is surprising. The
usual concept of unicellularity would suggest independence
and autonomy in each of the individuals within a population.
Nevertheless, the discovery that yeast cells can communicate
with one another can be traced back to 1971 when this was ﬁrst
proposed by Ghosh et al. [31] for the extracellular synchroniser
of the glycolytic oscillator. The mechanism by which inter-
organism communication occurs was proposed to involve
acetaldehyde possibly along with other unidentiﬁed, suitably
volatile, rapidly diﬀusing, low molecular weight, fermentation
products. Conﬁrmation of the importance of acetaldehyde as a
synchronising messenger on a longer time-scale has come with
the construction of a phase response curve by addition of
pulses of this compound to continuously cultured aerobic
yeasts [32] at diﬀerent times in the circa 40 min ultradian dri-
ven clock respiratory cycle. A second messenger substance,
hydrogen sulphide, which shares with acetaldehyde another
property, its ease of loss by further oxidation, is also impli-
cated in the self-synchronising ability of S. cerevisiae [32–34].
These properties have been pivotal in elucidation of the ‘‘tem-
poral landscape’’ of yeast growth which ﬁnds extensive homol-
ogies in other eukaryotic metabolic and transcriptional control
systems [8,35] and the coherence of the multilayering [25,26],
parallel processing, and convergence [7] of energy and infor-
mation ﬂows of living systems.
Although, we have not yet investigated the mechanisms in-
volved in the oscillatory responses observed in this work, we
have established several principles that suggest strongly that
communal activities of the individuals in a population of
yeasts are commonplace. They interact and communicate to
such an extent it becomes clear that to regard this species as
a unicellular organism is over-simplistic [36]. In its natural
habitats [37], S. cerevisiae lives attached to various substrata
in aggregates, ﬂocs or ﬁlms [38] almost invariably in associa-
tion with other microorganisms (bacteria, other yeast and fun-
gal species, protozoa or algae); or on the surfaces of, or within
plants or animals. Its social interactions [39] have yet to be fur-
ther investigated.Acknowledgements: We gratefully acknowledge Dr. Brian O’Rourke
for helpful discussions and advice. K.M.L. was partly funded by Cull-
tech Biospeciality Products (Port Talbot, Wales).Appendix A. Supplementary data
Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.febslet.2006.
11.068.
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